1. Introduction {#sec1}
===============

Atmospheric aerosol is a highly variable and complex chemical mixture containing organic and inorganic compounds. It is estimated that about 2000 Tg/year of volatile organic compounds (VOCs) are emitted into the atmosphere as gases and 300 Tg/year as suspended particulate matter (aerosol).^[@ref1]−[@ref3]^ A significant portion of tropospheric aerosol is represented by secondary organic aerosol (SOA), which formed chemical reactions of VOCs followed by heterogenous and/or multiphase chemistry. α-Pinene (C~10~H~16~) is considered as a one of the most important global SOA sources.^[@ref4]^ α-Pinene is the second foremost released nonmethane VOC with an estimated yearly emission rate of about 70 Tg C year^--1^. A row of intense studies on α-pinene photo-oxidation were conducted, which allowed to unveil the chemical composition of α-pinene SOA.^[@ref5]−[@ref9]^ These studies revealed a suit of hydrophilic and polar organic compounds bearing one or more functional groups in α-pinene-derived skeleton, such as ketone (−C(=O)−), alcohol (−OH), aldehyde (−C(=O)H), or carboxylic acids (−COOH).^[@ref1],[@ref2],[@ref4],[@ref8],[@ref10]^ It was also shown that numerous α-pinene SOA products with an increased oxygen-to-carbon ratio are sufficiently water-soluble to undergo aqueous-phase processing.^[@ref4]^

A large amount of water dispersed in the atmosphere (i.e., cloud, fog, and aerosol liquid water) makes it an important reaction medium for the further processing of α-pinene oxidation products.^[@ref11]−[@ref13]^ In recent years, the atmospheric aqueous-phase has been recognized as an important reaction media for the processing of water-soluble organic compounds.^[@ref14]−[@ref16]^ Atmospheric models suggest that through these processes contribute to global annual SOA production with 20 to 30 Tg year^--1^.^[@ref3],[@ref5],[@ref11],[@ref17]−[@ref19]^ In contrast to the gas-phase processes, aqueous-phase reactions leading to SOA are vaguely recognized, posing a great challenge for researchers in recent years.^[@ref13]^

In our previous studies, we have reported on physicochemical properties (i.e., thermal properties, solid--liquid phase equilibria, and dissociation constants) of four α-pinene/β-pinene oxidation products, i.e., *cis*-pinic acid, *cis*-pinonic acid, *cis*-norpinic acid, and *cis*-norpinonic acid.^[@ref20]^ It was proved that the water solubility of the studied compounds increases in the following order: *cis*-pinic acid \> *cis*-norpinic acid \> *cis*-pinonic acid \> *cis*-norpinonic acid. Moreover, the experimental value of p*K*~a~ for *cis*-norpinonic acid was measured to be 4.56 at 298.15 K and 4.75 at 310.15 K, whereas for *cis*-pinonic acid 5.19 at 298.15 K and 5.25 at 310.15 K. The measured physicochemical parameters for monoterpene SOA aging products are needed to assist experimentation but also for better modeling of multiphase processes in atmospheric chemistry. The measured physicochemical parameters are a relevant factor to improve the description of the partitioning processes of a given oxidized monoterpene-derived compound from the gas phase to aerosol particle/water-droplet and thus could be implemented by both atmospheric chemistry and air quality models, such as the Community Multiscale Air Quality (CMAQ) or the Chemical Aqueous Phase Radical Mechanism (CAPRAM) models.^[@ref43]^

Therefore, to extend an useful physicochemical database for the atmospheric community, herein we decided to report the solid--liquid phase equilibria (solubility in water) and thermal properties of methyl-1,2,3-butanetricarboxylic acid (MBTCA), diaterpenylic acid acetate (DTAA), terebic acid (TER), as well as pinanediol (PD). These compounds are important tracers for simple monoterpenes in the atmosphere, including mainly α-pinene.^[@ref25]^ They are formed through the gas-phase oxidation of α-pinene and leading to an array of highly oxidized products such as MBTCA.^[@ref1],[@ref22]^ The latter was proposed as the most relevant tracer compound for atmospheric monoterpene SOA by Szmigielski et al.^[@ref21]^ A lactone ring-containing species such as TER, but also DTAA and PD, were considered as early-stage oxidation products formed via the photooxidation and/or ozonolysis of α-pinene.^[@ref22]−[@ref24]^ Moreover, these compounds were found at elevated concentrations in the continental aerosol samples.^[@ref1],[@ref25]^ Owing to their enhanced polarities, they can also be expected to sufficiently partition into the aqueous phase in cloud droplets or into the surface of deliquescent particles.^[@ref26]−[@ref28]^ Taking this into account, the objective of this study was to determine the solid--liquid phase equilibria (i.e., solubility in water) for relevant α-pinene oxidation products TER, MBTCA, DTAA, and PD, to the best of our knowledge for the first time. The experimental data, such as the dissociation constant (p*K*~a~) for DTAA, are also reported.

2. Results and Discussion {#sec2}
=========================

The ^1^H NMR and ^13^C NMR spectra obtained for each α-pinene SOA product supported by differential scanning calorimetry (DSC) technique measurements have shown a high purity of synthesized compounds (≥99%). Using DSC, their basic thermal properties have been determined, including the temperature of fusion (*T*~fus,1~), the enthalpy of fusion (Δ~fus~*H*~1~), the temperature of transition (*T*~tr,1~), and the enthalpy of transition (Δ~tr~*H*~1~). The representative thermograms for each investigated α-pinene SOA oxidation product clearly reveal the effect of a heat flow on the temperature ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![DSC thermograms recorded for investigated α-pinene SOA products.](ao9b04231_0001){#fig1}

The thermographs measured for studied α-pinene SOA aging products exhibit melting temperatures from 449.28 K for TER to 329.26 K for PD. Temperature of melting for MBTCA was found to be 422.74 K, whereas for DTAA it was 394.28 K. The measured thermal properties included *T*~fus,1~, Δ~fus~*H*~1~, *T*~tr,1~, and Δ~tr~*H*~1~, and are presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Physicochemical Characteristics of Selected α-Pinene SOA Aging Products: *T*~fus,1~, Δ~fus~*H*~1~, Heat Capacity Changes at the Fusion Temperature, Δ*C*~*p*(fus),1~, *T*~tr,1~, Δ~tr~*H*~1~, and the Molar Volume *V*~m~^293.15K^

  compound   *T*~fus,1~/K   Δ~fus~*H*~1~/kJ·mol^--1^   *T*~tr,1~/K   Δ~tr~*H*~1~/kJ·mol^--1^   Δ*C*~*p*(fus),1~[b](#t1fn2){ref-type="table-fn"}/J·mol^--1^·K^--1^   \<keep-together\>*V*~m~^293.15K^[a](#t1fn1){ref-type="table-fn"}/cm^3^·mol^--1^\</keep-together\>   \<keep-together\>*T*~fus~,~1~^lit^/K\</keep-together\>
  ---------- -------------- -------------------------- ------------- ------------------------- -------------------------------------------------------------------- --------------------------------------------------------------------------------------------------- --------------------------------------------------------
  MBTCA      422.74         85.17                                                              201.48                                                               160.4                                                                                               425.99
  DTAA       394.28         7.12                       387.40        22.98                     18.06                                                                195.5                                                                                                
  TER        449.28         30.00                                                              66.76                                                                129.4                                                                                               446.65
  PD         329.26         15.85                                                              48.15                                                                133.3                                                                                               329.15

Calculated according to Barton's group contribution method.^[@ref29]^

Calculated with *T*~fus,1~ and Δ~fus~*H*~1.~ Standard uncertainties *u* are as follows: *u*(*T*~fus,1~) = ±0.1 K, *u*(Δ~fus~*H*~1~) = ±0.1 kJ·mol^--1^.

The melting temperature for MBTCA reported in earlier studies to be 425.99 K^[@ref30]^ differs about 3 K from the value obtained in the presented measurements. The melting temperature in the literature reported temperature for TER is 446.65 K, which differs also by about 3 K from the value obtained in this study.^[@ref31]^ PD is a commercially available compound with the melting point of 329.15 K, which is in line with the value retrieved in this study.^[@ref32]^ The enthalpy of fusion for MBTCA was calculated to be 85.17 kJ·mol^--1^, which reaches the highest value of all investigated α-pinene SOA products. It was found that the enthalpy of fusion of TER is 30 kJ·mol^--1^, whereas for PD it is 15.85 kJ·mol^--1^. Interestingly, for DTAA a solid--solid phase transition was observed (*T*~tr,1~ = 387.4 K, Δ~tr~*H*~1~ = 22.98 kJ·mol^--1^) in proximity of its melting temperature (*T*~fus,1~ = 394.28 K). The enthalpy of transition greatly exceeds the enthalpy of fusion for this compound (7.12 kJ·mol^--1^). The same trend between the enthalpy of transition and enthalpy of fusion was observed for other α-pinene SOA products, including *cis*-norpinic acid as it was stated in our previous report.^[@ref20]^ The PD exhibits the lowest melting temperature, whereas for TER the melting temperature is the highest. More stable crystal structures will require higher temperatures to melt in order to overcome the thermodynamic stability in its structure. The thermal measurements have shown that TER is a more stable compound than PD, which can also influence the solubility properties of the examined compounds.

The solubility for MBTCA, DTAA, TER, and PD have been determined in water to expand a useful database of solubility parameters of the SOA products. Four binary systems {that is, MBTCA (1) + water (2), DTAA (1) + water (2), TER (1) + water (2), PD (1) + water (2)} have been measured using a dynamic method. Experimental solubilities for all binary systems in mole fraction and calculated activity coefficients have been summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04231/suppl_file/ao9b04231_si_001.pdf) in Figures S4--S7. The values of the activity coefficients were retrieved from the correlation equations, which could be used for a large number of experimental points. In this study, three methods were implemented to fit the solute activity coefficients, to the so-called correlation equations that describe the Gibbs excess energy, *G*^E^: Wilson, UNIQUAC, and NRTL models. The exact mathematical forms of the equations have been presented in our previous paper.^[@ref20]^

###### Experimental Solubility for the {α-Pinene-Derived Product (1) + Water (2)} Binary System in Mole Fraction, *x*~1~ vs Equilibrium Temperature *T* at Saturated Solution at *p* = 101.3 kPa[d](#t2fn4){ref-type="table-fn"} and Calculated Activity Coefficients, γ~1~

  *x*~1~[b](#t2fn2){ref-type="table-fn"}   *T*[c](#t2fn3){ref-type="table-fn"}/K   γ~1~[a](#t2fn1){ref-type="table-fn"}   *x*~1~[b](#t2fn2){ref-type="table-fn"}   *T*[c](#t2fn3){ref-type="table-fn"}/K   γ~1~[a](#t2fn1){ref-type="table-fn"}
  ---------------------------------------- --------------------------------------- -------------------------------------- ---------------------------------------- --------------------------------------- --------------------------------------
  MBTCA                                                                                                                                                                                                    
  0.0400                                   308.15                                  0.003                                  0.1037                                   335.75                                  0.018
  0.0666                                   318.55                                  0.005                                  0.1131                                   340.65                                  0.026
  0.0798                                   324.35                                  0.008                                  0.1361                                   351.35                                  0.053
  0.0832                                   326.35                                  0.009                                  1.0000                                   422.74                                  1.00
  0.0877                                   328.85                                  0.011                                                                                                                    
  DTAA                                                                                                                                                                                                     
  0.0314                                   303.65                                  2.76                                   0.1051                                   319.35                                  1.39
  0.0382                                   306.65                                  2.55                                   0.1373                                   324.35                                  1.30
  0.0550                                   309.85                                  2.01                                   0.1665                                   328.15                                  1.18
  0.0739                                   312.95                                  1.67                                   1.0000                                   394.28                                  1.00
  0.0914                                   315.75                                  1.50                                                                                                                     
  TER                                                                                                                                                                                                      
  0.0016                                   320.35                                  24.23                                  0.0130                                   339.65                                  5.75
  0.0029                                   322.95                                  15.01                                  0.0160                                   344.25                                  5.40
  0.0044                                   326.35                                  10.94                                  0.0191                                   349.55                                  5.31
  0.0059                                   328.85                                  8.95                                   1.0000                                   449.28                                  1.00
  0.0092                                   334.35                                  6.89                                                                                                                     
  PD                                                                                                                                                                                                       
  0.0724                                   304.35                                  8.60                                   0.2796                                   316.65                                  2.84
  0.1163                                   307.70                                  5.73                                   1.0000                                   329.26                                  1.00
  0.1615                                   311.00                                  4.41                                                                                                                     
  0.2014                                   312.97                                  3.67                                                                                                                     
  0.2461                                   315.25                                  3.14                                                                                                                     

Standard uncertainties *u* are as follows: calculated from the UNIQUAC equation for MBTCA as well as DTAA and Wilson equation for TER as well as PD.

*u*(*x*~1~^water^) = ±0.005

*u*(*T*/K) = ±0.1

*u*(*p*/kPa) = ±2.

It was found that PD, which contains two hydroxyl groups (−OH), together with the lowest melting point (329.26 K), revealed the high solubility in water. This result was found interesting considering the low O/C ratio (0.2) of the discussed compound. Furthermore, TER---a compound with a lactone moiety (−(C=O)--O−) in the structure, the highest melting point (449.28 K) and O/C ratio---0.57 PD revealed very low solubility in water. Two more polar substances, that is, MBTCA and DTAA, together with O/C ratio 0.75 and 0.6, respectively, exhibit very good solubility in water. It was also found that the solubility of the tested compounds in water increases in the order PD \> MBTCA ≥ DTAA \> TER. The combined experimental data for a better comparison of reported results are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Experimental solubility of {α-pinene-derived acid (1) + water (2)} binary systems; (□) MBTCA, (○) DTAA, (△) TER and (◊) PD.](ao9b04231_0002){#fig2}

The experimental points obtained for four binary systems were subsequently correlated with the use of the three following thermodynamic models reported elsewhere: Wilson, NRTL, and UNIQUAC equations.^[@ref33]−[@ref35]^ The parameters of the correlation and standard deviations are listed in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04231/suppl_file/ao9b04231_si_001.pdf). The low standard deviation values δ~T~ suggest a good fit between the experimental data and the mathematical models used. The standard deviation for MBTCA was set at around 2.5 for each equation; however, the lowest value of 2.21 was obtained with an UNIQUAC equation. The ideal solubility calculated for MBTCA is higher than the experimental value in a measured concentration range. A UNIQUAC equation was also found to be the best for the DTAA solubility correlation with a standard deviation of 0.57. Interestingly, the calculated ideal solubility for this compound is lower than the experimental solubility to the value around *x*~1~ = 0.2 and after this point remains unchanged. A Wilson equation was found to be the best to correlate the experimental points obtained for TER. A standard deviation value δ~T~ of 3.79 for this binary system was found, which is due to the low solubility of the compound investigated and the measurements constraints in a narrow range of mole fraction, *x*~1~. The ideal solubility calculated for the TER system is lower than the experimental solubility in a measured concentration ranges. For PD, Wilson equation was demonstrated to obtain the best correlation with the lowest standard deviation values (1.25). The ideal solubility calculated for this compound is significantly lower than the experimental solubility.

The p*K*~a~ studies for DTAA were conducted by a spectrophotometric Bates--Schwarzenbach method. The measurements were obtained at three temperatures: 298.15, 303.15, and 308.15 K. However, owing to the chromophore inactivity, we could not pursue the measurements of p*K*~a~ for MBTCA, TER, and PD. The measurement of the absorbance of DTAA solution as a function of the wavelength in three solutions of 0.2 M NaOH, 0.2 M HCl, and in buffer were performed. The wavelengths were selected for a maximum distance of the border absorbance. The determination of the concentration ratio in the spectrophotometric measurements was possible by assumption of the absorbance additivity law and the Bouguer--Lambert--Beer law for different forms of DTAA existing in the solution. The comparison of the experimental results obtained for DTAA with those available in the literature are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The UV--vis spectra acquired for DTAA at the three temperatures are presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04231/suppl_file/ao9b04231_si_001.pdf) in Figures S1--S3. The experimental value of p*K*~a~ for DTAA obtained with a Bates--Schwarzenbach method is 3.76 at 298.15 K, 3.85 at 303.15 K and at 308.15 K the value is 3.88, respectively. The experimental value measured at 298.15 K turned out to be slightly lower than that reported in the literature at the same temperature (p*K*~a~^lit^ = 3.93). In contrast, the p*K*~a~ values at 305.15 K and at 308.15 K are reported for the first time. It is worth noting that literature p*K*~a~ values for either compound were only predicted (not experimentally derived) based on the molecular structure algorithm (ACD/Labs).

###### Experimental and Literature Values of p*K*~a~ Determined at 298.15, 303.15, and 308.15 K for DTAA

  compound   p*K*~a~^lit^                                  p*K*~a~^exp^   p*K*~a~^exp^   p*K*~a~^exp^
  ---------- --------------------------------------------- -------------- -------------- --------------
  DTAA       3.93 ± 0.10[a](#t3fn1){ref-type="table-fn"}   3.76 ± 0.15    3.85 ± 0.31    3.88 ± 0.39

Advanced Chemistry Development (ACD/Labs)

In this paper, we have reported for the first time the physicochemical properties together with the solubility properties for four important α-pinene SOA aging products---MBTCA, DTAA, TER, and PD. The comparison of results obtained with those published in our previous paper exhibits that the selected α-pinene SOA products revealed significant differences in the physicochemical properties and in the solubility. The eight binary systems were investigated so far, including only important α-pinene SOA products, that is, PD, TER, MBTCA, DTAA, *cis*-pinic acid, *cis*-pinonic acid, *cis*-norpinic acid, *cis*-norpinonic acid.^[@ref17]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the combined melting temperatures for the eight investigated compounds. These products exhibit a melting temperature ranging from 329.26 K for PD to 449.28 K for TER. The results obtained clearly demonstrate that *cis*-pinic acid and *cis*-norpinic acid, which both are dicarboxylic acids with a similar core structure, reveal a significant difference in the melting points. Namely, for *cis*-norpinic acid the melting temperature was found to be 440.68 K, whereas for *cis*-pinonic acid it was 376.68 K, which differs by about 64 K. Interestingly, a similar difference was also reported for *cis*-pinonic acid and *cis*-norpinonic acid, the homological compounds, where the difference of the melting temperature was found to be about 40 K.

![Experimental melting temperatures of α-pinene SOA products (both obtained here and elsewhere^[@ref20]^). Reproduced from ref ([@ref20]). Copyright 2019 American Chemical Society.](ao9b04231_0003){#fig3}

The comparison of the solubility data has shown that PD along with *cis*-norpinic acid reveal the highest solubility in water. It was found that TER, *cis*-pinonic acid, as well as *cis*-norpinonic acid revealed very low solubility in water. The analysis of the solubility properties has shown that the solubility of α-pinene SOA products in water increases in the order PD \> *cis*-pinic acid \> *cis*-norpinic acid ≥ DTAA ≥ MBTCA \> *cis*-pinonic acid \> *cis*-norpinonic acid \> TER.

3. Conclusions {#sec3}
==============

In summary, this paper provides for the first time the determination of the physicochemical properties, that is, thermal properties, solid--liquid phase equilibria, and dissociation constant (p*K*~a~) for relevant α-pinene SOA oxidation products: PD, TER, MBTCA, as well as DTAA along with their improved synthesis. The DSC was used to measure thermal properties, that is, temperatures of fusion (*T*~fus,1~), enthalpy of fusion (Δ~fus~*H*~1~), temperatures of transition (*T*~tr,1~), and enthalpy of transition (Δ~tr~*H*~1~). The thermograms acquired revealed melting temperatures of all investigated products, which a range from 329.26 K for PD to 449.28 K for TER. The enthalpies of fusion varied from 7.12 kJ·mol^--1^ for DTAA to 85.17 kJ·mol^--1^ for MBTCA. It is noteworthy that, only DTAA revealed the solid--solid phase transition. In this work, the four binary systems {SOA component (1) + water (2)} were tested. The solubility was determined for all the systems for which the visual method was possible to use. The phase diagrams of the solid--liquid phase equilibria derived experimentally were subsequently correlated with the use of the three thermodynamic models: Wilson, NRTL, and UNIQUAC equations. The measured water solubility was evidenced to increase in the following order: PD \> DTAA ≥ MBTCA \> TER, which may affect their multiphase aging chemistry in the atmosphere. The results obtained were also compared with the literature data for different α-pinene SOA products. It was found that an early-stage oxidation products of α-pinene, that is, *cis*-norpinonic acid and *cis*-pinic acid, are of lower solubility in water than secondary products of α-pinene oxidation, that is, DTAA, MBTCA, *cis*-norpinic acid. A determined set of physicochemical parameters for key α-pinene SOA aging products could serve as a useful database for the atmospheric community for better modeling of multiphase processes in the atmospheric chemistry. It is planned to extend this database of the physicochemical parameters over other important aerosol products, including these originated from the oxidation of isomeric monoterpenes and sesquiterpene.

4. Experimental Section {#sec4}
=======================

4.1. Materials and Methods {#sec4.1}
--------------------------

Selected α-pinene oxidation products MBTCA, DTAA, and TER were synthesized in the Laboratory of the Environmental Chemistry in the Institute of Physical Chemistry PAS. Details of the synthesis are provided in [Section [4.2](#sec4.2){ref-type="other"}](#sec4.2){ref-type="other"}. The names, abbreviations, and structural formulas are given in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. However, general information about chemicals used during synthesis, yields, molecular weights, ESI-HR-MS, IR, ^13^C NMR and ^1^H NMR analysis of the synthesized compounds are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04231/suppl_file/ao9b04231_si_001.pdf) (Tables S1--S2).

###### Names, Abbreviations, and Structures of the Investigated Compounds

![](ao9b04231_0007){#gr7}

4.2. Synthesis of MBTCA, DTAA, and TER {#sec4.2}
--------------------------------------

### 4.2.1. Synthesis of MBTCA {#sec4.2.1}

MBTCA was synthesized following a two-stage protocol reported by Kostenidou et al. (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref36]^ A first step was carried out under anhydrous conditions in the argon atmosphere. A solution of ethyl isobutyrate (6.6 mL, 49 mmol) in anhydrous tetrahydrofuran (12 mL) was added slowly over the period of 20 min to the solution of lithium diisopropylate in THF (1 M, 54 mL, 54 mmol) at −78 °C; then the solution of diethyl fumarate (8 mL, 49 mmol) in anhydrous THF (12 mL) was added dropwise within the next 15 min. The color of the reaction solution turned from transparent to yellow. The reaction mixture was stirred for another 30 min at −78 °C and then poured into 1 M HCl (100 mL) under ice bath cooling. An organic phase was separated and an aqueous layer was extracted with diethyl ether (3 × 20 mL). Organic layers were combined and dried over sodium sulfate. The solvent was removed using a rotary evaporator and an oily residue was distilled at 0.7 mbar to obtain an MBTCA triester derivative as a yellow oil (bp 114 °C; 81%). In the second stage, the isolated triester was added to the aqueous HCl (6 M, 30 mL) and the mixture was heated up under reflux for 9 h. After cooling to the room temperature, the aqueous phase was removed in vacuo to yielding MBTCA as a white powder (yield: 93%).

![Synthetic approach for MBTCA.](ao9b04231_0004){#fig4}

### 4.2.2. Synthesis of DTAA {#sec4.2.2}

The synthesis of DTAA encompasses three steps. A first stage was the Grignard reaction, the second was the acylation reaction of the alcohol formed in the first step. In turn, the third step was an oxidative C=C bond cleavage leading to the final product ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The first reaction was performed in an argon atmosphere under anhydrous conditions. A solution of the methylmagnesium bromide in diethyl ether (3 M, 15 mL, 36.5 mmol) was added dropwise to the solution of the methyl cyclopent-3-ene-1-carboxylate (2 g, 16 mmol) in anhydrous tetrahydrofuran (25 mL) at −78 °C. The resulting mixture was stirred overnight at room temperature. Then, a saturated ammonium chloride solution was added slowly. The organic phase was separated and the aqueous phase was extracted with diethyl ether (3 × 20 mL). Organic layers were combined and dried over sodium sulfate. The solvent was removed by the rotary evaporation to yield the tertiary alcohol, which was used in the next step without further purification.

![Synthetic approach for DTAA.](ao9b04231_0005){#fig5}

The second step was executed according to the procedure described by Höfle et al.^[@ref37]^ A mixture of the tertiary alcohol (1 g, 8 mmol), triethylamine (1.75 mL, 12 mmol), acetic anhydride (1.2 g, 12 mmol), and 4-dimethylaminopyridine (DMAP) (1.2 g, 12 mmol) was stirred for 10 h at room temperature. Next, the solution was partitioned between ether (30 mL) and 2 M HCl (30 mL). The organic phase was washed out with saturated NaHCO~3~ solution (20 mL), dried over sodium sulfate, and the solvent was removed by the rotary evaporation. The final product was isolated after chromatography on silica gel (90:10 → 70:30 hexanes/EtOAc) as a brownish oil (yield: 93%).

The third step followed the procedure described by Moglioni et al.^[@ref38]^ To a stirred solution of the 2-(cyclopent-3-en-1-yl)propan-2-yl acetate (1 g, 8 mmol) in 2:2:3 carbon tetrachloride-acetonitrile-water (65 mL), catalytic RuCl~3~ hydrate (40 mg) and NaIO~4~ (5.2 g, 31.5 mmol) were added. The resulting mixture was stirred at room temperature overnight, then ether (50 mL) was added and the mixture was stirred for 5 min, and extracted with ether (3 × 50 mL). The combined organic extracts were dried (MgSO~4~) and concentrated under reduced pressure. DTAA was isolated as white crystals (yield: 83%) after recrystallization from methylene chloride/pentane solution.

### 4.2.3. Synthesis of TER {#sec4.2.3}

TER was synthesized through a two-step protocol. A first stage was the nucleophilic addition of the Grignard reagent into diethyl acetylsuccinate, whereas the second stage was hydrochloric acid hydrolysis of the product formed ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The first reaction was performed in the argon atmosphere under anhydrous conditions. In this reaction solution of diethyl acetylsuccinate (2.5 g, 10.6 mmol) in dry THF (20 mL) was added slowly a stirred solution of a methylmagnesium bromide in diethyl ether (3 M, 45 mmol) at −78 °C. The resulting mixture was stirred overnight at room temperature. Then, a saturated ammonium chloride solution was slowly added. The organic phase was separated and the aqueous phase was extracted twice with diethyl ether. Organic layers were combined and dried over sodium sulfate. The solvent was removed in vacuo to yield the tertiary alcohol after distillation at the reduced pressure (145--147 °C, 20 mbar). In the second stage, the isolated product was treated with the aqueous HCl (6 M, 40 mL) and the mixture was heated up under reflux for 5 h. After cooling to room temperature, the hydrochloric acid was evaporated. TER was isolated after recrystallization from water (yield: 89%).

![Synthetic approach for TER.](ao9b04231_0006){#fig6}

4.3. Differential Scanning Microcalorimetry {#sec4.3}
-------------------------------------------

The DSC technique was used to measure the basic thermal properties of the studied compound, that is, the temperature of fusion (*T*~fus,1~), the enthalpy of fusion (Δ~fus~*H*~1~), the temperature of transition (*T*~tr,1~), and the enthalpy of transition (Δ~tr~*H*~1~). The DSC 1 STAR System (Mettler Toledo) calorimeter equipped with the liquid nitrogen cooling system and operating in a heat-flux mode was used for these measurements. The amount of each compound used for the determination of thermal properties was about 10 mg. Each sample was held for 1 min at 253.15 K and then was scanned with a scan rate of 10 K·min^--1^ with power and recorder sensitivities of 16 mJ·s ^--1^ and 5 mV, respectively. The apparatus was calibrated with a 0.999999 mol fraction purity indium sample. The uncertainty of the fusion temperature (*T*~fus,1~) was ±0.1 K and that of the enthalpy of fusion (Δ~fus~*H*~1~) was ±0.05 kJ·mol^--1^. The thermos-physical characteristic was analyzed using STAR software. The molar volumes of each studied compound were calculated using Barton's method.^[@ref29]^

4.4. (Solid + Liquid) Phase Equilibria {#sec4.4}
--------------------------------------

Solid--liquid equilibrium temperatures were determined using a dynamic method, reported also previously.^[@ref20],[@ref39]−[@ref41]^ In the presented paper, we measured four binary systems: {i.e., MBTCA (1) + water (2), DTAA (1) + water (2), TER (1) + water (2), PD (1) + water (2)}. The samples were prepared by weighing the pure compound and water with the uncertainty of 1 × 10^--4^ g. The experimental points have been determined from 303.15 K to water boiling point. Each sample was heated gradually (5 K·min^--1^) with continuous stirring inside a Pyrex glass cell placed in a thermostated water bath. Temperatures of crystal disappearance were measured with an electronic thermometer P 550 (Dostmann Electronic GmbH), and detected visually. When the sample was in the vicinity of the phase transition temperature, the heating rate was decreased to about 0.2 K·min^--1^. All mixtures were measured by mass, and errors did not exceed 5 × 10^--4^ in mole fraction, whereas for the uncertainties of the temperature measurements were determined to be ±0.1 K. The repeatability of the SLE experimental points was ±0.1 K.

4.5. p*K*~a~ Measurements {#sec4.5}
-------------------------

The p*K*~a~ measurements were performed with the Bates--Schwarzenbach method using an UV--vis spectrophotometer (PerkinElmer Life and Analytical Sciences Lambda 35, Shelton USA). The measurements were conducted at the three temperatures: 298.15, 303.15, and 308.15 K. Solution in water of tested compound were prepared with a mol concentration of 1 × 10^--2^ mol·dm^--3^. The buffer was selected (mol concentration) that is, formic acid (0.017136), potassium formate (0.021363), and potassium chloride (0.018488).^[@ref42]^ The buffer was chosen on the basis of the literature value of p*K*~a~ of investigated compounds. The values of pH, acidity function (*p*(α~H~γ~Cl~)), and the ionic strength (*I*) for the used buffer are presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04231/suppl_file/ao9b04231_si_001.pdf) in Table S3. For the compounds to be tested, three samples were prepared: in 0.2 M hydrochloric acid, in 0.2 M sodium hydroxide, and in a buffer solution. Samples were scanned with 0.2 M water--acid, 0.2 M water--base and water--buffer solutions as a reference, respectively, with a scan step of 1 nm from 320 to 190 nm. The p*K*~a~ values have been calculated by the following equationwhere p*K*~a~ is the acidity constant, *p*(α~H~γ~Cl~) is the acidity function, *D*~HA~, *D*~A~--~~, *D*~BUF~ are absorbance values in acidic, basic and buffered solutions, respectively. The measurement error was calculated as a standard deviation for the wavelength range.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04231](https://pubs.acs.org/doi/10.1021/acsomega.9b04231?goto=supporting-info).Analytical data and copies of ^1^H and ^13^C NMR spectra of all compounds; phase diagrams of MBTCA, DTAA, TER, and PD in water obtained by dynamic method; and p*K*~a~ measurements obtained by the Bates--Schwarzenbach method ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04231/suppl_file/ao9b04231_si_001.pdf))
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